Based on the Rietveld pro®le re®nement of neutron diffraction patterns and a new texture analysis method, a quantitative phase analysis (QPA) method is proposed and examined in the case of arti®cially produced multiphase alloys having strong textures. The preferred-orientation factors (POFs) of the diffraction peaks were extracted from the inverse pole ®gure calculated from the orientation distribution function (ODF) that was computed from the averaged pole ®gures measured by the rotating sample stage, providing a faster and simpler texture measurement. The reliability of this method was examined using binary alloy mixtures of known fractions of zirconium and aluminium. In addition, the fraction of unknown phases in an arti®cially produced aluminium matrix composite was determined by introducing a standard zirconium sample. QPA of the binary mixtures successfully predicted the weight fraction of each component with an absolute error of less than 0.3 wt%. This method also provided appropriate results on the calculation of the weight fraction of unknown phases in the aluminium matrix composite.
Introduction
The methods of determining the amount of each phase in an multiphase alloy, i.e. quantitative phase analysis (QPA), involve the observation of microstructures, Mo È ssbauer spectroscopy (Fysh & Lee, 1985; Ma et al., 1989) , a magnetic technique (Hilliard & Cahn, 1961) , X-ray (Averbach et al., 1959; Arnell & Ridal, 1968 ) and neutron diffraction, etc. Among these methods, QPA using X-ray diffraction data has prevailed for decades since it provides results for powder samples. Because powder samples are homogenous, analytic errors from inhomogeneous distributions of grain orientations and phases throughout the sample can be generally neglected. However, grain orientations and phases in most commercial alloys, whether naturally occurring or fabricated, are rarely randomly distributed. Accordingly, the conventional X-ray diffraction techniques that rely on the comparison of the intensities of particular diffraction peaks often mislead the QPA of commercial alloys having textures (preferred orientations) and second or third phases. In contrast to conventional X-ray diffraction techniques, the whole-pattern ®tting method, utilizing a large number of diffraction peaks and the strong penetrating power of the neutron, enable a more precise QPA of polycrystalline materials (Bacon, 1975; Hill & Howard, 1987) .
The Rietveld method, one of the whole-pattern ®tting methods, is a powerful tool for the determination of crystalline structures, as well as for QPA of powder samples (Hill & Howard, 1987; Bish & Howard, 1988) . As it uses the entire diffraction pattern, Rietveld re®nement offers the advantage of accurate calculations in the case of patterns with weak intensity owing to the small amount of sample. Furthermore, neutron diffraction patterns enable more accurate QPA calculations because neutron diffraction data represent the bulk sample. However, a proper correction is required in the case of the Rietveld re®nement of highly textured samples. The March±Dollase function (Dollase, 1986; Howard & Kisi, 2000) is basically used for the correction of preferred orientation, but its application to highly textured samples (e.g. rolled sheets) is generally limited (Kim et al., 2001) .
With regard to texture effects in Rietveld re®nement, a number of successful works have been reported, combining quantitative texture analysis with the Rietveld method for pro®le re®nement. Choi et al. (1994) calculated the orientation distribution function (ODF) by measuring a few complete pole ®gures and extracted the preferred-orientation factors (POFs) by means of calculated inverse pole ®gures. The POFs were then used to improve the Rietveld re®nement of diffraction patterns measured by a ±2 scan with a single detector. On the other hand, Lutterotti et al. (1997) , Matthies et al. (1997) and Von Dreele (1997) determined the ODF from dozens of diffraction patterns pertaining to a variety of sample orientations. However, the methods mentioned above require a long measuring time. Recently, Kim et al. (2001) reported a less time-consuming method, involving the measurement of neutron diffraction patterns with a multiple-detector and introducing the procedure of extracting the POFs from a number of pole ®gures, recalculated from the ODF that was calculated from several measured complete pole ®gures. In this method, all the {hkl} pole ®gures should be calculated in order to determine the POF of the corresponding individual scattering-vector direction 2 hkl .
In line with previous research by Choi et al. (1994) and Kim et al. (2001) , we propose a new method for preferred-orientation correction and apply this method to the Rietveld QPA approach. In contrast to the previous work, the POFs of diffraction peaks were extracted from the inverse pole ®gure calculated from the ODF that was calculated from the averaged pole ®gures measured by the rotating sample stage, providing a faster and simpler texture measurement. The reliability of this method was examined using binary mixtures of known fractions of zirconium and aluminium. Fractions of unknown phases in arti®cially produced aluminium matrix composites were also determined by introducing a standard zirconium sample.
Experimental procedure
As-received materials were hot-rolled strips of zirconium, aluminium and copper with purities of 99.7, 99.9 and 99%, respectively. In order to obtain a strong texture, the aluminium hot-rolled strip was ®rst cold rolled to 90% thickness reduction and then recrystallized at 573 K for 1 h. A series of binary mixtures of zirconium±aluminium and another series of ternary mixtures of zirconium±aluminium±copper were prepared by stacking small plates cut from sheets. The compositions of the mixtures are listed in Tables 1 and 2. Cube-shaped specimens, about 10 Â 10 Â 10 mm, were examined for the measurement of texture.
The crystallographic textures were determined by measuring complete pole ®gures by means of the four-circle diffractometer (FCD), using a neutron beam of wavelength 0.99 A Ê , at the HANARO reactor of the Korea Atomic Energy Research Institute. Six and three complete pole ®gures were measured for zirconium and aluminium, respectively. First, the texture was determined by the usual complete pole ®gure. In this procedure, the pole ®gures were scanned on both the radial angle and the azimuth angle , with a constant interval of 5 . For a complete pole ®gure, the pole density P hkl of ( Â ) = 19 Â 72 points was measured.
In addition to the usual method, a new method of texture determination was introduced by the installation of a rotating ($60 r.p.m.) sample stage on the FCD. By means of this method, the pole density P hkl of the {hkl} pole ®gure was measured only along the radial angle , because the rotation of the sample provided an average value of P hkl (, ) with a constant and varying azimuth angle :
Accordingly, P hkl () was measured for only 19 points for a construction of a complete pole ®gure ( = 0$90 , Á = 5 ). From these averaged complete pole ®gures, ODFs were calculated by the WIMV (Williams±Imhof±Matthies±Vinel) (Matthies & Vinel, 1982) program of the software package BEARTEX (Wenk & Matthies, 1999) . Diffraction patterns were measured with the high-resolution powder diffractometer (HRPD), equipped with 32 detectors (Ád/d 9 2.0 Â 10 ±3 ), at the HANARO reactor. A neutron beam of wavelength 1.84 A Ê was used. The data were collected at intervals of 0.05 between 10 and 155 in 2, with sample rotation of about 30 r.p.m.; the normal direction (ND) of the sample was parallel to the rotation axis and a set of detectors were placed in the plane perpendicular to the rotating axis. The program FULLPROF (Rodriguez-Carvajal, 1998) was used for the Rietveld re®nement calculations.
Rietveld profile refinement and extraction of POF values
In angle-dispersive neutron (or X-ray) diffraction, the intensity at a point i of a multiphased polycrystalline material may be expressed by (Rietveld, 1969; Choi et al., 1994) 
where the subscripts are i for the scattering angles, j for the jth phase, and k for the kth re¯ection plane of each phase. The parameters s j , L jk , J jk , P jk , F jk and 9 are the scale factor, the Table 1 The QPA results of the binary mixtures consisting of aluminium and zirconium.
Numbers in parentheses are the standard deviations resulting from Rietveld ®tting. The QPA results of the arti®cial aluminium matrix composite containing copper as the unknown phase.
Results of re®nement
The weight of zirconium as a standard sample is 1.89 g. The ®nal column gives the absolute error in wt% of Cu. Lorentz factor, the multiplicity, the POF, the structure factor and the pro®le function of the kth peak of the jth phase, respectively. a i and b i are the absorption factor and the background intensity at the ith scattering position, respectively. The POFs P jk can be extracted from the pole density distribution as the result of the texture analysis (Choi et al., 1994; Kim et al., 2001) . In this work, the POFs were extracted from the inverse pole ®gures of the radial direction ( = %/2) calculated from the ODFs, which were computed from the averaged complete pole ®gures. The radial direction is one of the sample directions perpendicular to the ND. Note that during the measurements of the texture as well as the diffraction pattern, samples were rotated around the ND. As mentioned in x2, during the measurement of diffraction patterns a set of detectors were placed in the plane perpendicular to the rotating axis of the sample. Therefore, rotational symmetry about the axis (®bre texture) exists and the sample direction of the diffraction peaks corresponds to = %/2 in the pole ®gure.
The scale factor of the jth phase can be written (Hill & Howard, 1987) 
where m, Z, M and V are the mass of the jth phase, the number of formula units per unit cell, the mass per formula unit and the unit-cell volume, respectively. The weight fraction f of each phase can be determined from the four parameters (s, Z, M and V) for all phases by
The QPA is based on equation (4).
Results and discussion

Evaluation of textures and POFs
In order to verify the reliability of the texture determination using the rotating sample stage, the texture of zirconium and aluminium sheets was determined by the usual complete pole ®gure. Some examples of usual normalized complete pole ®gures are shown in Fig. 1 .
The texture of the zirconium hot-rolled strip in Fig. 1(a) can be characterized by the {110} and {002} pole ®gures. The zirconium sample exhibited h110i||RD preferred orientations with the basal plane {002} lying 20 away from the ND. h110i||RD denotes a ®bre texture comprising orientations with a common h110i direction parallel to the rolling direction. The maximum pole density P max 002 = 4.40 was obtained in the {002} pole ®gure of the zirconium sample. The ODFs calculated from the set of three complete pole ®gures provided the maximum orientation density f(g) max = 5.8. Fig. 1(b) shows the {111} and {200} pole ®gures of the aluminium sample. The cold rolling to 90% thickness reduction and the subsequent recrystallization anneal of aluminium led to a texture that was dominated by a strong cubic orientation {001}h100i (Humpreys & Hetherly, 1995) . For the aluminium sample, P max 200 = 12.52 was obtained and f(g) max = 63.1 was calculated. A large value of f(g) max is attributed to the symmetry of the cubic crystal system.
It was noted that the pole ®gures measured for the pure samples and for the mixtures were identical. This result is attributed to the well isolated diffraction peaks obtained for the test mixtures of zirconium and aluminium.
The texture was obtained next with the rotating sample stage. After measuring the pole density pole ®gure was constructed by taking P hkl () as the P hkl (, ) (Fig. 2) . The maximum pole densities of zirconium and aluminium are P max 002 = 3.06 and P max 200 = 10.85, respectively. The pole ®gures of the rotated sample can also be obtained mathematically by averaging the P hkl (, ) along the same direction as for the usual pole ®gures, as shown in Fig. 1 . From complete pole ®gures of the rotated samples, ODFs were computed. The inverse pole ®gure of a radial direction ( = %/2) was calculated from these ODFs. Fig. 3 shows the inverse pole ®gures obtained from the averaged pole ®gures of the zirconium and aluminium samples. Owing to the different crystal systems, the symmetrically equivalent space of the crystal coordinate system and the crystallographic direction indices are de®ned differently for zirconium and aluminium. The crystallographic directions close to huv0i have a high value of P uvw for the zirconium sample, whereas the maximum P uvw is found in the direction of h100i in the case of aluminium. The P uvw shown in Fig. 3 is equivalent to the POF of the huvwi crystal direction.
QPA of binary mixtures
As an example of the QPA, the neutron diffraction pattern of a binary mixture (sample ZA4) comprising the zirconium and aluminium sheet is displayed with the Rietveld ®t in Fig. 4 . The binary mixture contains 4.10 wt% of aluminium. In Fig.  4(a) , the experimental pattern is shown with the Rietveld ®t performed under the assumption of a randomly textured sample. It is obvious that this assumption gives rise to a bad ®t. Fig. 4(b) shows the same diffraction pattern and the Rietveld ®t calculated together with the texture correction. Apparently, a good ®t is obtained by taking account of the POFs extracted from the inverse pole ®gures of Fig. 3 .
In order to examine the reliability of the present QPA method, four binary mixtures (ZA1 to ZA4) comprising the zirconium and aluminium sheets were prepared. QPA results and the values of the criteria of ®t, 1 2 , of each phase are listed in Table 1 . QPA results were determined from three different Rietveld ®ts with and without preferred-orientation correction, and also with a March±Dollase correction. The correctness of the QPA can be estimated by comparing the weight fraction of components weighed practically with that obtained from the QPA. It turns out that the application of the present method to a strongly textured binary mixture provides a fairly convincing QPA with an absolute error of less than À0.21 wt%. The goodness of ®t, 1 2 , was less than 5.9 for all binary mixtures. 
QPA of the aluminium matrix composite containing unknown phase
Most polycrystalline metals and alloys exhibit texture and also contain foreign phases of precipitates or inclusions in their matrix phase. Commercial aluminium alloy sheets are typical examples. For QPA results to be reliable, the number of overlapped diffraction peaks from mixed phases should be minimal. This is generally true in the case of intermetallic precipitates formed in most aluminium alloys. In order to assess the application of the present QPA method to aluminium alloys, several mixtures, i.e. arti®cial aluminium matrix composites comprising aluminium and copper, were prepared. In the samples, aluminium and copper were assumed as the aluminium matrix and unknown phase, respectively.
For the QPA, a standard sample of the zirconium hot band was adapted, because most diffraction peaks from zirconium are not overlapped with those of aluminium. The weight of the composite, W comp , and the standard sample, W Zr , were determined experimentally. With known W comp and W Zr , the sample for the measurement of neutron diffraction patterns was prepared by stacking the composite together with the standard sample. Under the assumption that the diffraction peaks of zirconium and aluminium are not affected by the unknown phase in the composite, the weight fraction of zirconium, f Zr , and aluminium, f Al , can be determined by the QPA described above. Now, the weight W up of the unknown phase is simply obtained by W up W comp W Zr À W Zr af Zr X 5
The neutron diffraction pattern of the sample comprising the composite (sample ZAC1, W Cu = 0.19 g) and the standard sample is displayed with the Rietveld ®t in Fig. 5 . As readily seen from the difference plot (lower solid line), the difference between the experimentally measured and the calculated pattern is not large at the peak positions of zirconium and aluminium. While the sample comprised copper as an unknown phase, the Rietveld ®t was performed under the assumption of a binary system of zirconium and aluminium. Accordingly, it is obvious that the large difference of the lower solid line is found at the peak positions of copper. The QPA results for ®ve arti®cial composite samples containing copper of W Cu = 0.19$0.80 g are listed in Table 2 . The weight fraction of copper was successfully calculated within a 0.34 wt% error band. The value of the goodness of ®t, 1 2 , gradually increases with increasing copper content in the composite, owing to neglecting the content of copper in the calculation of the Rietveld pro®le. However, values of 1 2 for the whole pattern of the composite and the standard sample are not very meaningful for the QPA of the unknown phase because only the calculation of the Rietveld ®t on peaks of aluminium and zirconium is required in the QPA procedure proposed in this work.
Conclusions
A new preferred-orientation correction method is proposed and has been applied to QPA based on Rietveld pro®le re®nement. The POFs of diffraction peaks were extracted from the inverse pole ®gure calculated from the ODF that was calculated from the averaged pole ®gures measured by the rotating sample stage, providing a faster and simpler texture measurement. Applying this method to binary mixtures of known fractions of strongly textured zirconium and aluminium gave rise to a fairly convincing QPA with an error of less than À0.21 wt%. The goodness of ®t 1 2 was less than 5.9 for all binary mixtures. By introducing a standard zirconium sample, the weight fraction of unknown phases in the arti®cially produced aluminium matrix composite was successfully calculated with an error of less than À0.34 wt%. Accordingly, it is veri®ed that the QPA procedure proposed in this work is applicable to determine the weight fraction of phases in multiphase systems having strong textures.
